This study aimed to investigate dosimeter characteristics by using a photon beam with and without the flattening filter of intensity-modulated radiation therapy (IMRT) and volumetric modulated arc therapy (VMAT) by using a 3D N-isopropylacrylamide (NIPAM) polymer gel. A self-developed optical computed tomography scheme was used to measure the dose distribution. Gamma evaluation was performed between the dose distribution calculated by a treatment planning system and the measured dose distribution by using the criteria of 3% dose difference and 3 mm distance to agreement. Under these criteria, the passing rates showed no significant difference between IMRT and VMAT irradiation with and without the flattening filter. All these results revealed that the NIPAM gel dosimeter was for high-dose-rate radiation and clinicalpretreatment verifications.
Introduction
Radiation therapy (RT) is one of the most important modalities for cancer treatment, and at least 52% of patients with cancer have received RT during their treatment [1] . The principle behind daily fractionated RT is that high-energy ionizing radiation is used to induce tumor hypoxia or damage genetic materials to achieve cancer-cell apoptosis.
Technological advancements in RT machines that involve techniques, such as intensity-modulated radiation therapy (IMRT) and volumetric modulated arc therapy (VMAT), allow the delivery of much higher doses to the target than possible with conventional external beam RT and minimize the risk of radiation injury to healthy tissues and organs Chun-Hsu Yao and Tung-Hao Chang have contributed equally this work and shared the first authorship. at risk to meet the prescription dose [2] [3] [4] [5] . These advantages result in reduced side-effects, improved local control rate, and high disease-free survival rates. This delivery of increased doses is made possible by the multileaf collimator (MLC), which can generate a steep dose gradient and nonuniform dose during treatment delivery, with a field shape that is constantly changing in the IMRT technique. The approach is based on the step-and-shoot technique. During the gantry rotation, the dose rates and MLC positions can vary continuously in VMAT [6, 7] . VMAT is a relatively novel radiation technique, which improves the efficiency of delivery for equivalent dosimetric quality and requires less treatment time and total monitor units compared with conventional IMRT. VMAT treatment is four to eight times faster than that of IMRT [8] . VMAT also improves the target volume coverage and sparing of normal tissues compared with conventional techniques, resulting in high cure rates.
The 3D dose verification has become necessary due to the increasing diversity and complexity of modern RT treatments because it brings several uncertainties and variations during treatment, such as moving speed, dose rate, and position accuracy of MLC. The complex 3D dose distribution generated by IMRT and VMAT is difficult to verify using conventional techniques, such as a 1D ion chamber or a 2D detector-like film [9] . Therefore, an accurate 3D dosimeter must be developed to effectively verify the dose distributions [10] . Several 3D dosimetric tools were used by the interpolation, reconstruction, or mapping of 2D data into 3D space. These tools were named quasi-3D or semi-3D dosimeters. Thus, polymer gel dosimetry has become salient among the numerous available 3D dosimetric tools. Polymer gel dosimeters show an outstanding potential for use in the verification of dose distributions because of their capability to record "true" the 3D dose distribution in the entire volume [11] .
The first investigated dosimeter was the Fricke dosimeter in 1950. In this radiation dosimetry system, ionizing radiation causes ferrous (Fe 2+ ) ions to be converted to ferric ions (Fe 3+ ) through radiolysis of the aqueous system. However, diffusion of ferric ions results in an unstable absorbed dose distribution and a subsequent error in the spatial dose measurement; this condition is a fatal flaw [12] . Therefore, many gel formulations, such as polyacrylamide gel, MAGIC, BANG, and N-isopropylacrylamide (NIPAM), have been developed to describe the dose distribution of RT beams, and this circumstance has been given considerable region of research in RT dosimetry [13] [14] [15] [16] [17] [18] . Polymer dosimeters did not have the diffusion limitation of Fricke gel, and several studies have been performed to indicate the potentials and advantages of the polymer gel dosimetry technique. The chemical mechanisms of polymer gel dosimeters act after irradiation, and water molecules are dissociated in several reactive radicals and ions during radiolysis [19] . Radiolysis may produce aquatic electrons, hydroxyl radicals (OH · ), and hydroxonium ions (H 3 O + ). These particles may react with the monomers, and the radicals initiate monomer polymerization by binding to a double-bound electron of a monomer. The reaction rate depends on the type of irradiation (LET), energy, oxygen, and size of polymers.
NIPAM gel dosimeters remove oxygen by using an antioxidant, which is easy to prepare and does not require a glove box [20] [21] [22] . In addition to convenient preparation, these dosimeters exhibit low toxicity, high linearity, high sensitivity, and high spatial stability and can retain the dose distribution at least 360 h after irradiation. Previous research has shown that NIPAM gel dosimeters have higher temporal stability than other gel dosimeters [23] .
The radiotherapy process is complex and involves different academic fields, such as medical physics, radiobiology, radiation safety, dosimetry, radiotherapy planning, and simulation. Ensuring adequate target dose and minimizing irradiation of nearby healthy tissues are an important issue in RT due to mechanical output and daily positional changes. Patient-specific quality assurance plays a vital role in RT to ensure the accuracy between the dose delivered to a patient and the calculated plan, especially treatment plans optimized with IMRT and VMAT [24] . Gamma analysis is a widely accepted technique developed by Low et al. It is capable for quantitative evaluation and comparison of the treatment planning system (TPS)-calculated dose distribution with the measured dose distribution [25, 26] . The acceptance criterion was varied in low-and high-gradient regions. Thus, the differences between the calculated dose by TPS and measured dose from gel phantom distributions can be analyzed using the absolute gamma criteria of 3% dose difference (%DD) and 3 mm distance to agreement (DTA) with 90% gamma passing rate (%GP) and action limit recommended by the AAPM TG119 report.
Since 2010, removing the flattening filter (FF) has become an option in linacs for IMRT and VMAT treatments, and the use of flattening filter-free (FFF) beams is substantially increasing; these beams provide reduced head scatter and reduced dose outside the field [27] [28] [29] . FFF beams also deliver doses faster than FF beams because removing out the flattening filter can enhance the dose rate. Rapid dose delivery is beneficial for hypofractionated treatments because it reduces the treatment time and potential intrafractional organ motion. FFF beams provide high dose rates (HDR), low head scatter, and reduced treatment time. In clinical practice, FFF beams are used in small fields to enhance the treatment quality. For large targets, FFF beams are a useful approach for the delivery of radiotherapy treatments by using the MLC and movable jaws. According to a previous study on the energy dependence of gel dosimeters, NIPAM gel dosimeters do not show any significant difference from FF and FFF beams of 6 MV [30] . However, this previous study [30] only utilized a simple square-field irradiation to compare dose distributions between FFF and FF beams.
In the current study, a complex clinical case was investigated, and brain metastasis tumor was selected to prepare TPS, which was modified for experiment. IMRT and VMAT radiation techniques were utilized to irradiate gel phantoms. FFF and FF beam modes were used to create nine irradiation angles and a double arc to verify the deviation between the calculated and measured dose distributions. The purpose of this research is to investigate the dose verification of FFF and FF beams for clinical complex fields by using a 3D gel dosimeter and compare the dose characteristics of different modern radiation technologies.
Materials and methods

NIPAM polymer gel preparation
NIPAM gel, which was proposed by Senden et al. [15] , has shown great potential as a polymer gel dosimeter. NIPAM gel dosimeters have numerous advantages, such as low toxicity, high sensitivity, ease of preparation, and long-term temporal stability [17, 18] . In this study, the gel was prepared inside a fume hood and under normal atmospheric conditions in a laboratory. The NIPAM polymer gel comprised 5% gelatin, 5% NIPAM, 3% N,N′-methylene bisacrylamide, and 5 mm Tetrakis (hydroxymethyl) phosphonium chloride. After gel preparation, 12 phantoms were made from PMMA and filled with the NIPAM gel. They were subsequently used for IMRT and VMAT irradiation. The gels were placed in a water bath and cooled in a refrigerator for at least 6 h until solidification to reduce the deviation in dose distribution. To ensure that gel formulation experienced the near temperature history, every process was regulated carefully. Gel phantoms were package by an aluminum foil to avoid photopolymerization (Table 1) .
Treatment planning and irradiation
First, an RT plan in a preparatory phase needs to be created before irradiation. Four irradiation treatment plans were generated using Pinnacle TPS (Pinnacle3 version 9.8 Philips, USA). A clinical case, namely, the stereotactic radiotherapy of brain metastasis tumors, which is a cancer that has metastasized to the brain from another location in the body, was selected. Second, the Elekta linear accelerator (Elekta Versa HD) required delivering those plans to phantoms in an appropriate fashion. This accelerator harnesses the ultrafast leaf speeds of MLC to provide highly conformal beam shaping ( Fig. 1 ). IMRT and VMAT had the same irradiation energy of 6 MV photons, but their irradiation angles and dose rates differed during irradiation.
The irradiation angles of IMRT were 15°, 45°, 105°, 180°, 210°, 240°, 270°, 300°, and 330°, and the dose rate was fixed at 600 cGy/min in FF and 1400 cGy/min in FFF. The irradiation angles for dual-arc VMAT were 179.9°-180° and 180°-179.9° for Arc 1 and Arc 2, respectively. VMAT was rotated continuously during irradiation, and the dose rate varied from 330 to 635 cGy/min in FF and from 1100 to 1400 cGy/min in FFF. The irradiation conditions for IMRT and VMAT were as follows: source to axis distance = 100 cm and prescribed dose = 6 Gy (Table 2) .
Dose-reading tool
After irradiation, polymerization occurred in the NIPAM gel and required a period of time to achieve dose stability. A post-scan was performed after 24 h irradiation by optical computed tomography (CT) by using CT-s2, which was developed in a previous research [31] . The CT-s2 components are as follows: (1) laser, (2) pinhole, (3) rotating diffuser, (4) collimating lens, (5) gel phantom, (6) aquarium, (7) collimating lens, (8) CCD camera, and (9) stepping motor [30] . The laser divergent beam that passes through the collimating lens becomes a parallel beam. Then, it passes through the glass aquarium filled with matching liquid and is recorded by a photodetector. The matching liquid was prepared with glycerol and deionized water to achieve the refractive index (RI) values. The RIs measured by a refractometer (Model: ATAGO ® PAL-RI) at room temperature (22 ± 1 °C) varied by 1.346.
Following the motor rotated, 360 projection images were acquired, and 3D images were reconstructed using the filtered back-projection algorithm built in MATLAB (The Math Works, Natick, MA, USA). Each dose distribution of the transverse view at different depths can be extracted from 3D images of the dose distributions used for analysis ( Fig. 2 ).
Dose evaluation
The dose distribution accuracy for the gel dosimeter was quantitatively evaluated using the gamma analysis technique proposed by Low et al. [24, 25] . The gamma index and the passing rate were calculated point by comparing the dose distribution between the two dose distribution maps, that is, the measured NIPAM gel dose distributions and the calculated dose distributions generated by the TPS. We used the 2D level gamma calculation for comparison. The criteria for gamma evaluation were 3% DD and 3 mm DTA, which are frequently used in clinical practice for comparisons. The gamma index value γ was calculated based on the percentage of points that passed the criteria. The passing rate was calculated from the percentage of points with γ < 1.00. 
Results
Non-irradiated gel spatial uniformity
The scanning results of the reference image of the gel phantom are presented in Fig. 3 . The reconstruction image of a transverse slice is shown in Fig. 3a . Figure 3b shows the line profile along the line in Fig. 3a at depths of 30, 40, 45, 50, and 60 mm. The maximum standard deviations were in the central 6 cm region. The two peaks were the container of phantoms. The maximum standard deviation for each scan of phantom was less than 0.3%. This result indicated that these batches produced by the non-irradiated NIPAM gel dosimeter had high spatial uniformity that can reduce the experimental error.
Reconstructed image
The reconstructed images of the four gel phantoms at the same depth are presented in Fig. 4 . The images from left to right are non-irradiated gel, irradiated gel, subtraction of irradiated and non-irradiated gels, and TPS image. As the images show, the gels would be opaque when gel phantoms were irradiated at a high dose. The images on the first and second rows are the VMAT results, and those on the third and fourth rows are the IMRT results. The dose distributions by VMAT were smoother and more consistent than those by IMRT as shown by the reconstructed images. The dose distributed by IMRT was sharp and angular because of fixed gantry angles.
Isodose lines and gamma maps
Batches 1-3 of the NIPAM gel dosimeter were irradiated by VMAT with an FF beam. Batches 4-6 were irradiated by VMAT on the FFF mode. To compare the effects of constant and varied dose rates, another six batches of the NIPAM gel dosimeter were irradiated by IMRT. Among these dosimeters, three had an FF beam (Batches 7-9), and the others had an FFF beam (Batches 10-12). The left image in Fig. 5a shows the isodose lines at a depth of 50 mm of Batch 1 (VMAT FF). The dotted lines denote the measured data, and the solid lines represent the TPS data. The right image is the gamma map of Batch 1 at 24 h post-irradiation, and the passing rate was 96.22 ± 0.80% in the same irradiated parameter. Figure 5b shows the results of Batch 4, which was irradiated by HDR of the FFF beam. The passing rate of Batch 4 was 96.87 ± 0.62% as shown in the gamma map, and Batch 4 does not display any significant variation with Batch 1 irradiated by the FF beam. Figure 6a illustrates the results of Batch 7 irradiated with the FF beam by using IMRT. Meanwhile, Fig. 6b shows Batch 10 irradiated by the FFF beam. The passing rate of Batch 7 was higher than that of Batch 1 irradiated by the VMAT technique. The isodose lines shown in Figs. 5 and 6 indicate that VMAT RT can deliver a more conformal dose distribution in comparison with the IMRT technique. The targets, where the prescription dose is located, all pass the gamma evaluation. Most of the rejected areas, where the gamma value γ > 1, were mostly located in the high-dose gradient region and are illustrated red on the images. The rejected area in VMAT was larger than that in IMRT, explaining the lower gamma passing rate of VMAT than that of IMRT. The regions at the edge of the radiation field can have induced the edge enhancement effect [23] . A dose is considered to be overestimated when the edge enhancement phenomenon occurs, resulting in a reduced gamma passing rate.
Gamma evaluation
Gamma evaluation was conducted between the dose map for TPS and the dose map from the measured data of gel obtained via optical CT scanning. The average passing rates and standard deviation of Batches 1-3 at 24, 48, 72, and 96 h post-irradiation times are shown in Table 3 . The passing rates were retained between 95 and 98% after irradiation for 24-96 h at depths of 30-60 mm. Table 4 shows the gamma passing rates of Batches 4-6 at four post-irradiation periods. The passing rates of the batches irradiated with the FFF beam were similar to those irradiated with the FF beam. The average gamma passing rates of the FF beam (Batches 7-9) and the FFF beam (Batches 10-12) in the IMRT treatment plans are shown in Tables 5 and 6 , respectively. Two different modes of passing rates were at the same level. Yao et al.
reported that the passing rates of FF and FFF beams show no significant difference in small single field size irradiation [30] . In the current study, the same phenomenon was found in the NIPAM gel dosimeter even for VMAT and IMRT techniques applied to generate complex planning.
Temporal stability
The gamma passing rates of FF and FFF beams at various post-irradiation periods are plotted in Fig. 7 . The passing rates of NIPAM gel slightly fluctuated from 24 to 96 h due to the active free radicals. The NIPAM gel of IMRT and VMAT presented temporal stability despite the variations in dose rates and even when irradiated with the HDR beam.
The results indicated the same conclusion, consistent with that in previous studies [23, 32, 33] .
Discussion
The accelerator with a FFF beam can be developed for efficient radiation treatments. The FFF beam provides HDR and effectively reduces treatment time. Thus, the FFF beam can reduce the treatment errors caused by the motion of patients' organs. Furthermore, low out-of-field dose was generated due to reduced head scatter and soft spectra. In the current study, NIPAM gel irradiated with treatment techniques commonly used in clinical practice was investigated. The selected complex treatment parameters of the actual clinical case, i.e., brain metastasis tumor, were close to the clinical quality assurance. FF and FFF beam modes were used to irradiate dose distributions to study the effects of high and low dose rates on the NIPAM gel dosimeter. Gamma was evaluated for quantitative analysis to compare the TPS and measured data from the NIPAM gel dosimeter. The passing rates indicated no significant difference between the FF and FFF beams at various depths and different post-irradiation periods, and the p value was 0.0827 and 0.5005 for VMAT [34] indicated that NIPAM gel dosimeters exhibit dose rate dependence, which showed higher dose rate as well as a higher per sequence dose resulted in a lower dose response. The current result was different from previous result because some experimental conditions of current study were different from previous study. The first, only three different dose rate, 100, 300 and 600 MU/min were used in their study. We adopted two kinds of dose rates for the FF mode and the FFF mode. The second, gel vials were irradiated with constant dose in their study. We used a bigger gel phantom with complex irradiation in current study. The third, the recipe of NIPAM gel was different. The last one is the comparison method. Sensitivities of gel response curve with different dose rate were compared in previous research. In current study, the passing rates calculated from gamma evaluation were used for comparison between the FFF and the flat irradiation mode. However, the current results indicate that the NIPAM gel dosimeter shows no significant difference between the FF (LDR) and FFF (HDR) beams at 6 MV energy. This result is consistent with that of previous literature [30] .
Considering the dose rate variation during irradiation, irradiation was performed at continuous varying dose rates when gantry was rotated using VMAT. The results showed that the dose distribution of NIPAM gel was consistent with the treatment plan at various dose rates issued by IMRT Fig. 5 Comparison of 100%, 90%, 80%, 70%, 60%, and 50% isodose lines between gel measurement (dotted lines) and TPS (solid lines) at a depth of 50 mm and the gamma map. a Batch 1 (VMAT FF) and b Batch 4 (VMAT FFF)
Fig. 6
Comparison of 100%, 90%, 80%, 70%, 60%, and 50% isodose lines between gel measurement (dotted lines) and TPS (solid lines) at a depth of 50 mm and the gamma map. a Batch 7 (IMRT FF) and b Batch 10 (IMRT FFF) and VMAT technique radiation. Moreover, the isodose lines showed good agreement between TPS and measured data from the gel dosimeter. As shown in the gamma map, the main prescription dose of tumors passed the evaluation, and the rejected area appeared in the high-dose gradient region by VMAT or IMRT regardless of whether LDR or HDR was used. The main reason for the reduction of the gamma passing rate was caused by the scattering and edge enhancement effect. Sathiyaraj and Samuel [35] reported that the MAGAT gel is highly dose-rate dependent and caused not good performance as expected. The study results showed that NIPAM gel dosimeters are not affected by dose-rate dependence. The low dose rate dependency makes the NIPAM gel superior to other gel dosimeters and application in a wide range of dose measurements in RT.
Conclusion
NIPAM gel dosimeters combined with an optical CT scanner were used to investigate the dosimetric characteristics by applying IMRT and VMRT techniques of RT irradiated by FF and FFF beams at 6 MV energy. A complex clinical case of patient with brain metastasis with two tumors was adopted to evaluate the performance of the NIPAM gel dosimeters. The results showed that NIPAM gel dosimeters have no significant difference between the FF and FFF beams at 6 MV energy. Even under the FFF mode, the gamma passing rates were higher than 95% for IMRT, and VMAT was used under 3%/3 mm criteria. The gantry angles and dose rates that differed during irradiation did not cause inaccurate gel dosimeter. The NIPAM gel under HDR irradiation did not significantly affect the performance of the NIPAM gel dosimeter. Therefore, the NIPAM gel dosimeter can be potentially used for clinical dose verification in modern radiation technologies, such as IMRT and VMAT with FF and FFF irradiation. 
